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ABSTRACT 
Environmental issues associated with water sanitation are not confined to developing 
countries alone but are the most basic human and environmental necessities all over the world. 
Wastewater sources are major causes for environmental pollution in surface and ground water 
bodies. Current wastewater treatment technologies are not sustainable to meet the ever growing 
water sanitation needs due to rapid industrialization and population growth, simply because they 
are energy and cost intensive leaving latitude for development of technologies that are energy 
conservative or energy yielding. For the present and future context, microbial fuel cells 
technology may present a sustainable and an environmentally friendly route to meet the water 
sanitation needs. Microbial fuel cell based wastewater systems employ bio-electrochemical 
catalytic activity of microbes to produce electricity from the oxidation of organic, and in some 
cases inorganic, substrates present in urban sewage, agricultural, dairy, food and industrial 
wastewaters. It provides an overview of current energy needs for wastewater treatment and 
potential energy recovery options followed by a comprehensive review of the principles of 
wastewater treatment, substrate utilization (organic removal), recent process developments, 
nutrient and metal removal capacities in microbial fuel cells. Several issues related to process 
performance, organic removal capacities and potential environmental impacts were discussed in 
detail 
Keywords: Microbial fuel cell, bio-electrochemical systems, wastewater, bio-energy, 
algae, source separation. 
1. INTRODUCTION 
The focus of traditional wastewater 
treatment systems has been to meet the 
discharge standards (by removing the 
carbonaceous and nutrient compounds) for 
effluent and stabilize the sludge for land 
application. The problems of fossil-fuel 
depletion, environmental pollution, water 
and other resource shortages are driving 
intensive efforts towards more sustainable 
treatment and utilization of wastewater.   
   In view of the above issues, current 
wastewater treatment systems design and 
operation has shifted from removing the 
pollutants to recovering resources and 
minimizing energy consumption and 
maximizing the energy recovery. As such 
the wastewater treatment systems are now 
being recognized as “Water Resource 
Recovery Facilities - WRRFs”.                          
For example, a study of a 35,700 m3/d 
POTW by Shizas and Bagley (2004) 
concluded that the energy content of the 
methane produced by anaerobic digestion of 
the sludge generated by the primary and 
secondary processes in this plant was 
equivalent to 3.5 times the energy consumed 
by the plant. Toronto wastewater had an 
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energy content of 10 times higher than the 
energy required to treat it. An average of 40-
80 gBOD5 is generated per capita per day 
which is about 60-120 gCOD/person/day.  
1.1 ENERGY RECOVERY OPTIONS 
FROM WASTEWATER SLUDGE 
1.1.1. Anaerobic digestion 
The energy that can be potentially 
harvested via AD can be estimated 
stoichiometrically as follows: 1 kg of 
methane can be harvested from 4 kg of COD 
or about (4/1.47) kg  of volatile suspended 
solids (VSS) destroyed (Khandan et al., 
2014). Assuming the energy content of 
methane as 50.4 MJ/kg, and an efficiency of 
35% for its conversion to electrical energy 
via an internal combustion engine/alternator, 
the potential for electricity production by 
AD can be estimated as 1.8 kW-hr/kg VSS 
destroyed. 
1.1.2. Thermo chemical processes  
Chemical and thermo chemical 
processes have been well explored as 
potential technologies for energy recovery 
from wastewater sludges in recent years. 
These technologies include gasification, 
liquefaction, and pyrolysis. A recent review 
concluded that thermochemical extraction of 
lipids from the sludge is the most energy-
efficient approach (Manara and Zabaniotou 
2012). Sludge generated from wastewater 
treatment can serve as an excellent feedstock 
for biodiesel production due to high 
concentration of lipids. The bacteria cells in 
wastewater systems can utilize the carbon 
and nitrogen compounds to produce lipids 
and store in the cells along with surface 
adsorption of lipids in the wastewater.  
1.1.3. Other energy recovery options 
Algae based wastewater treatment 
has shown promise to be an energy-positive 
process. Phototrophic (algae based) 
technologies can be designed as high rate 
algal pond (HRAP), photo bioreactor (PBR), 
stirred tank reactor, waste stabilization pond 
(WSP), and algal turf scrubber (ATS). These 
systems can produce energy-rich algal 
biomass that can be used as feedstock for 
high value energy products. A comparison 
between the anaerobic and phototrophic 
technologies showed that the average 
bioenergy feedstock production 
byphototrophic technologies ranged from 
1200–4700 kJ  per capita per day or 3,400–
13,000 kJ/m3 (exceeding anaerobic 
technologies and, at times, the energetic 
content of the influent organic carbon), with 
usable energy production dependent upon 
downstream conversion to fuel. 
2. MICROBIAL FUEL CELLS (MFCS) 
Direct conversion of waste into clean 
electricity or high value energy or chemical 
products was recognized as a better option 
to eliminate the excess sludge and energy 
issues in conventional wastewater treatment 
systems (Logan 2008). Biological systems 
that convert chemical energy (in the form of 
organic substrate in wastewater) into 
electrical energy or other high value 
products are known as bioelectro-chemical 
systems (BESs) (Kiran kumar et al., 2012).   
Bioelectrochemical systems harvest 
clean energy from waste organic sources by 
employing indigenous exoelectrogenic 
bacteria .This energy is extracted in the form 
of bioelectricity in MFCs or valuable 
biofuels such as ethanol, methane, hydrogen, 
and hydrogen 
peroxide in case of microbial electrolysis 
cells. A cation exchange membrane also 
known as proton exchange membrane 
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(PEM) is used to separate the anode and 
cathode compartments. 
 
Fig 1; Microbial Fuel cell for wastewater 
treatment with a chemical cathode: anode 
chamber can be fed with various 
wastewater sources while the cathode 
chamber can be used to produce useful 
chemicals or remove environmental 
pollutants 
MFCs offer several energy (direct 
electricity generation, energy savings by 
anaerobic treatment due to elimination of 
aeration, low sludge yield, and centralized 
and decentralized applications); 
environmental (water reclamation, low 
carbon footprint, lower sludge volumes for 
disposal); economic (revenue through 
energy and value-added products-chemicals, 
low operational costs, eliminate downstream 
processes) and operational benefits (self-
generation of microorganisms, good 
resistance to environmental stress, and 
amenable to real-time monitoring and 
control) (Li et al., 2014). 
MFCs produce clean electricity 
directly from organic matter in wastewater 
without any need for separation, purification 
and conversion of the energy products. In 
comparison, methane and hydrogen can be 
produced from anaerobic digestion process 
which requires separation and purification 
prior to their use. This means MFCs 
consume only about 10 percent of the 
external energy for their operation when 
compared with conventional activated 
sludge process showing great potential for 
energy savings as well as possible energy 
recovery from wastewater treatment. 
 
2.1. Principles of waste treatment via 
MFCs 
A MFC is a galvanic cell. The 
electrochemical reactions are exergonic, i.e. 
the reaction possesses negative free reaction 
energy (Gibb’s free energy) and this 
proceeds spontaneously with energy release 
(electric or electron release). The standard 
free energy can easily be converted into a 
standard cell voltage (or electromotive force, 
emf) . 
Here, the ΔG° values represent the 
free energies of formation of the respective 
products and reactants (J/mol), n (moles) 
represents the stoichiometry factors of the 
redox reaction, and F Faraday’s constant 
(96485.3 C/mol). The Gibbs free energy of a 
reaction measures the maximum amount of 
useful work that can be obtained from a 
reaction of thermodynamic system. The 
theoretical cell voltage or electromotive 
force (emf) of the overall reaction (the 
difference between the anode and cathode 
potential) determines if the system is 
capable of electricity generation. 
 
 
In an MFC, the Gibbs free energy of 
the reaction is negative. Therefore, the emf 
is positive, indicating the potential for 
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spontaneous electricity generation from the 
reaction. For example, if acetate is used as 
the organic substrate ([CH3COO-] =[HCO3-] 
=10 mM, pH 7, 298.15 K,         pO2 = 0.2 
bar), with oxygen reduction, the combined 
redox reaction would be (Rozendal et al., 
2008) as shown in Eq. 
Anode 
CH3COO- +4H2O          2HCO3-- +9H++8e-                        
                                                                 (E0=-0.289 V vs SHE) 
Cathode: 
2O2+8H++8e-                  4H2O                                                                          
                                                                (E0=-0.805 V vs SHE) 
 Total 
 CH3COO-+2O2                 2HCO3-- + H+ 
               (∆𝐺 = −847.60
𝑘𝐽
𝑚𝑜𝑙
: 𝑒𝑚𝑓 = 1.094  𝑉) 
 
2.2. Oxidation-Reduction Reactions (ORR) 
in MFCs 
Electricity production in MFCs is the 
result of oxidation-reduction reactions that 
result in electron release, transfer and 
acceptance through biochemical or 
electrochemical reactions at the electrodes in 
the anode and cathode chambers. One acts 
as an electron donor while the other 
essentially serves as an electron donor. The 
chemical compounds that are responsible for 
accepting electrons are called terminal 
electron acceptors (TEA). 
 
2.3. Oxidation reactions (Anode) 
Glucose: 
C6H12O6 + 12H2O 6HCO3-+30H++ 24e- 
                                                         (E0=-0.429 V vs SHE)   
Glycerol:      
C3H11O3 + 6H2O 3HCO3-+17H++ 14e- 
                                                         (E0=-0.289 V vs SHE) 
Malate: 
 
C4H5O5 + 7H2O 4H2CO3-+11H++ 12e- 
                                                         (E0=-0.289 V vs SHE) 
Sulfur: 
HS+ S0+H++ 2e- 
                                                         (E0=-0.230 V vs SHE) 
 
2.4. Reduction reactions (Cathode) 
 
O2 + 4H
++4e- 2H2O 
                                                         (E0=+1230 V vs SHE) 
NO3
- + 2H++2e-  NO2- + H2O 
                                                         (E0=+0.433 V vs SHE) 
Fe3+ +H++e-  Fe2++1/2 H2O 
                                         (E0=+0.773 V vs SHE) 
MnO2+4H
++3e- Mn2+ +2H2O 
                                         (E0=+0.602 V vs SHE) 
 
3. ORGANIC REMOVAL IN MFCS 
3.1. MFCs with actual wastewater as 
substrates 
Municipal wastewaters have lower 
BOD concentrations usually less than 300 
mg/L which are categorized as low energy 
density carriers or feedstocks for MFCs. 
However MFCs are also capable of treating 
high strength wastewaters (high energy 
density) with BOD concentrations exceeding 
2000 mg/L due to the anaerobic conditions 
in the anode chamber. These high strength 
wastewater sources generate from food 
processing industry, from food processing 
industry, brewer plants, dairy farms and 
animal feeding operations and other 
industrial waste streams.  
3.2. Effect of process parameters 
Among the critical operating 
parameters, the efficiency of MFCs is 
reported in terms of substrate conversion 
rate which depends on the biofilm 
establishment, growth, mixing and mass 
transfer trends in the reactors, bacterial 
substrate utilization growth- energy gain 
kinetics (μmax, the maximum specific growth 
rate of the bacteria, and Ks, the bacterial 
affinity constant for the substrate), the 
biomass organic loading rate (g substrate per 
g biomass present per day) (Rabaey et al., 
2003), the efficiency of the proton exchange 
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membrane for transporting protons (Liu and 
Logan 2004; Jang et al., 2004) and the 
potential over the MFC. 
3.3. Nutrient Removal in MFCs 
Wastewater leaving the anode 
chamber is rich in nitrogen and phosphorous 
compounds. However, these nutrient 
compounds can be efficiently removed in 
MFCs especially in biocathode chambers to 
enhance the effluent water quality or they 
can be recovered as ammonia or magnesium 
ammonium phosphate (MgNH4PO4●6H2O) 
known as struvite. Struvite is a crystal of 
magnesium ammonium phosphate (MAP) 
with equal molar concentrations of Mg, 
ammonium (NH4), and P combined with six 
water molecules. The purity of struvite 
mineral depends on the elemental 
composition of Mg:N:P 1:1:1. 
3.4. Source separation: 
Since treatment of the whole 
wastewater stream is not an optimal 
approach leading to maximisation of 
nutrient recovery and recycling, in some 
(already existing) cases urine can be 
separately collected and processed for 
nutrient recovery and reuse purposes 
(Kujawa-Roeleveld & Zeeman 2006). This 
process is called source separation. 
3.5. Urine as energy source 
Urine can be separated at the source 
for use as energy feedstock in MFCs. The 
composition of the human urine consists of 
urea (6-18 g/d); uric acid (1.8 g/d) creatinine 
(0.5–0.8 g/d); amino acids (0.12 g/d) and 
peptides (0.5 g/d). Variable amounts of 
lactic acid, citric acid, bilirubin and 
porphyrins, ketone bodies (acetoacetic acid; 
b-hydroxybutyrate; acetone), and small 
amounts of hexose (glucose) and pentose 
(arabinose) sugars may also be present in 
normal urine. Since urea and uric acid 
cannot be readily utilized by bacteria, 
excluding these the total dry weight content 
of organic substrates (biodegradable) was 
estimated at 0.78 g/person/day.Therefore, 
the mean calorific value of 1 g of 
carbohydrates, peptides, proteins or amino-
acids in the urine has been estimated as 2.08 
kcal. 
4. INTEGRATION WITH OTHER 
BENEFICIAL PROCESSES 
 
Fig-2: Examples of MFC applications in 
wastewater treatment: (a) MFC 
integrated with septic systems in 
decentralized and remote communities; 
(b) MFC integrated with wetlands, 
suitable for small community wastewater 
systems; (c) MFCs immersed in activated 
sludge systems at large scale for 
centralized wastewater systems; and 
(d)MFCs integrated with Yeast 
fermenters supported by algal photo-
bioreactors in an industrial application. 
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MFCs can be integrated within the 
existing wastewater treatment and 
management systems from domestic levels 
(decentralized systems) to a community 
level (centralized) as well as systems in the 
industrial sectors to increase their energy 
and resource utilization efficiencies. At 
domestic scale, the MFCs can be readily 
incorporated into existing septic tanks to 
produce both biogas and bioelectricity. 
AD effluents can be used as 
excellent substrates for MFC indicating 
possible integration of the MFC in 
conventional wastewater treatment systems. 
5. MFC COST ANALYSIS 
 
 
Fig 3 Cost-benefit estimates for different 
BES systems (euro/m3), present 
laboratory and future large scale MFC 
cost allocations 
 
A city with 100,000 populations 
would generate 16.4 billion liters of 
wastewater over a year with a potential to 
produce 2.3 MW of electricity (based on 300 
mg/L BOD concentration) which can be 
harvested in MFCs.  To improve the net 
energy and cost benefits. Powell et al (2009) 
reported the economic feasibility of yeast 
fermenters combined with photo bioreactors 
. 
6. LIFE CYCLE ASSESSMENT OF 
MFCS 
Life Cycle Assessment (LCA) is 
defined as the compilation and evaluation of 
the outputs and potential environmental 
impacts of a product system throughout its 
life cycle. LCA has been widely used in 
wastewater systems due to the advantages 
associated with its holistic approach in terms 
of environmental impacts (Li, Luo et 
al.,2013). Foley et al. (2010) conducted a 
life cycle analysis study for three different 
wastewater treatment options, pre-treatment 
system being the same for all. In the first 
option, wastewater is processed through 
anaerobic treatment scheme to produce 
methane (biogas), and in the second option, 
the pre-treated wastewater was processed 
through a MFC to produce bioelectricity 
while in the third option, wastewater was 
processed in a microbial electrolysis system 
to produce H2O2.  
For comparison purpose, anaerobic 
digestion produces about 1 kWh/kg COD 
and a power density of 400 W/m3 when the 
technology is applied to treat about 5 to 25 
kg of COD per m3 of the reactor per day. In 
the case of MFCs, 4 kWh/kg COD of 
electrical energy can be produced in theory. 
An average power density of MFCs is 
reported as 40 W/m3. Recently, stacked 
MFCs configurations have reached power 
densities of 250 W/m3(Aelterman et al., 
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2006b), indicating the possibility for further 
improvements in MFC performance. 
 
7. CONCLUSION 
Microbial fuel cells show the 
potential for a sustainable route to mitigate 
the growing energy demands for wastewater 
treatment and environmental protection. The 
indigenous xoelectrogenic microbial 
communities in the MFCs are capable of 
degrading various forms of wastewaters. 
Although the research efforts over the last 
decade have increased the power densities 
by several orders of magnitude, further 
breakthroughs are required to promote these 
systems into large scale practical 
applications. The following issues should be 
given priority for significant developments 
in MFC technology: 
Electrode surface areas and low cost 
materials of construction should be 
incorporated for cost-effective electricity 
production in MFCs. 
Experience with actual wastewaters should 
be the focus of future research and process 
development activities. 
Experimental outcomes should be reported 
in well-known and acceptable units allowing 
comparison between different 
configurations. 
Understanding of the electron release-
transfer-acceptance mechanisms and 
minimizing electron transfer losses by 
developing novel configurations in the 
anode-cathode architecture should be given 
proper attention to maximize the benefits. 
More in-depth studies focusing on life 
cycle impact analysis of the microbial fuel 
cell technology should be developed to 
identify critical areas of development. 
Large scale system demonstrations are 
urgently required but they may present new 
challenges and limitations which need to be 
addressed in a systematic manner. The 
future of MFC technologies is full of 
exciting opportunities and challenges which 
demands greater discoveries and 
advancements in science and engineering 
aspects to overcome several barriers and to 
develop sustainable energy harvesting 
wastewater treatment technology based on                      
bio -electrochemical principles. 
 
REFERENCES 
1. Abourached, C., Catal, T., & Liu, H. 
(2014). Efficacy of single-chamber 
microbial fuel cells for removal of cadmium 
and zinc with simultaneous electricity 
production. Water research, 51, 228-233. 
2. Aelterman, P., Rabaey, K., Clauwaert, P., 
& Verstraete, W. (2006a). Microbial fuel 
cells for wastewater treatment. Water 
Science & Technology, 54(8), 9-15. 
3. Aelterman, P., Rabaey, K., Pham, H. T., 
Boon, N., & Verstraete, W. (2006b). 
Continuous electricity generation at high 
voltages and currents using stacked 
microbial fuel cells. Environmental science 
& technology, 40(10), 3388-3394. 
4. Ahn, Y., & Logan, B. E. (2010). 
Effectiveness of domestic wastewater 
treatment using microbial fuel cells at 
ambient and mesophilic temperatures. 
Bioresource Technology, 101(2),469-475. 
5. Aldrovandi, A., Marsili, E., Stante, L., 
Paganin, P., Tabacchioni, S., & Giordano, 
A. (2009).Sustainable power production in a 
membrane-less and mediator-less synthetic 
wastewater microbial fuel cell. Bioresource 
technology,100 (13), 3252-3260. 
6. AWWA Research Foundation; California 
Energy commission (CEC); New York State 
Energy Research and Development 
Authority. Energy Index Development for 
Benchmarking water and wastewater 
utilities; AWWARF; Denver, CO,2007. 
Journal of Advanced Applied Scientific Research ISSN: 2454-3225 
S.Rubini et.al JOAASR-ICCER-JANUERY-2017 
 
 
 
 
 
7. Ayyaru, S., & Dharmalingam, S. (2011). 
Development of MFC using sulfonated 
polyether ether ketone (SPEEK) membrane 
for electricity generation from waste water. 
Bioresource technology, 102(24), 11167-
11171. 
8. Biffinger, J. C., Byrd, J. N., Dudley, B. 
L., & Ringeisen, B. R. (2008). Oxygen 
exposure promotes fuel diversity for 
Shewanella oneidensis microbial fuel cells. 
Biosensors and Bioelectronics, 23(6), 820-
826. 
9. Borole, A. P., & Hamilton, C. Y. (2010). 
Energy production from food industry 
wastewaters using bioelectrochemical cells. 
In Emerging Environmental Technologies, 
Volume II (pp. 97- 113). Springer 
Netherlands. 
10. Burton, F. L. (1996). Water and 
Wastewater Industries: Characteristics and 
Energy Management Opportunities,(Burton 
Engineering) Los Altos, CA, Report CR-
106941. Electric Power Research Institute 
Report, p. ES-1. 
